12 United States Patent

US008299461B2

(10) Patent No.: US 8.299.461 B2

Tanaka et al. 45) Date of Patent: Oct. 30, 2012
(54) THIN FILM TRANSISTOR, METHOD OF 2008/0073653 Al* 3/2008 Iwasaki .......ccccooovevvvnnnn., 257/79
PRODUCING THE SAME. FLECTROOPTIC 2008/0296568 Al* 12/2008 Ryuetal. ................oooooe. 257/43
APPARATUS. AND SENSE)R 2010/0276682 Al* 11/2010 Yehetal. ....ccocoovvvvinniinin, 257/43
FOREIGN PATENT DOCUMENTS
(75) Inventors: Atsushi Tanaka, Kanagawa (JP); P 2007-073701 A 19007
Takeshi Hama, Kanagawa (JP);
Masayuki Suzuki, Kanagawa (IP) OTHER PURBILICATIONS
(73) Assignee: FUJIFILM Corporation, Tokyo (IP) Science, 300 (2003) pp. 1269-1272.
Nature, 432 (2004) pp. 488-492.
( *) Notice: Subject to any disclaimer, the term of this .y _
patent is extended or adjusted under 35 cited by examiner
U.S.C. 134(b) by 229 days.
(21)  Appl. No.: 12/797,632 Primary Examiner — Fe1 Fe1 Yeung Lopez
- ’ (74) Attorney, Agent, or Firm — SOLARIS Intellectual
(22) Filed:  Jun. 10,2010 Property Group, PLLC
(65) Prior Publication Data
(37) ABSTRACT
US 2010/0314618 Al Dec. 16, 2010
A thin film transistor includes: a substrate; and, on the sub-
(30) Foreign Application Priority Data strate, an oxide semiconductor film which serves as an active
layer and contains In, Ga, and Zn, a gate electrode, a gate
Jun. 11j 2009 (JP) ................................. 2009-140426 insulaﬁng ﬁhn:J q source electrodej and a drain e]ectrgdej
wherein, when a molar ratio of In, Ga, and Zn 1n the oxide
(51)  Int. CI. semiconductor film 1s expressed as In:Ga:Zn=(2.0-x):x:v,
HOIL 29/12 (2006.01) | wherein 0.0<x<2.0 and 0.0<y, the distribution of y in the
(52) US.CL o, 257/43,, 257/E29.296 thickness direction of the oxide semiconductor film 1s such
(58) Field of Classification Search ........................ None that the oxide semiconductor film has a region at which a
See application file for complete search history. value of y 1s larger than that at a surface of the oxide semi-
conductor film at a side closer to the substrate and that at a
(56) References Cited surface of the oxide semiconductor film at a side farther from
the substrate.
U.S. PATENT DOCUMENTS
2006/0108529 Al* 5/2006 Saitoetal. ................. 250/338.4
2008/0038882 Al* 2/2008 Takechietal. ................ 438/151 14 Claims, 8 Drawing Sheets

00 f
O 50 100
| , ,
LM SURFACE AT A SIDE THICKNESS (%) M SURFACE ATASIDE

CLOSER TU SUBSTRAIR

FARTHRER FHROM SUBSTRATE



U.S. Patent Oct. 30, 2012 Sheet 1 of 8 US 8,299.461 B2

(’)C} i : ! i E E
® 50 100
o = : !
CiLM SURFACE ATASIDE THICKNESS (%) CILM SURFACE ATASIDE
CLOSER TO SUBSTRATE EARTHER FROM SUBSTRATE
1.7
| bmex |
ey
y
10
|
| ;
\
K’\ E
0.0 I T i e
U 50 100
i -a\
S M SURFACE AT ASIDE THICKNESS (%) FILM SURFACE AT ASIDE

CLOSER TO SUBSTRATE FARTHER FRUM SUBSTRATE



U.S. Patent Oct. 30, 2012 Sheet 2 of 8 US 8,299.461 B2

F1G.3

WL

(B)




U.S. Patent

F1G.4

Oct. 30, 2012 Sheet 3 of 8

b u ¥ " :
* . - - L] * . f-‘ |
N - = Y ¥ . "f* £ 1
» —mm
- "I . " . ¥ - - __,«‘J
lllllllllllllllllllllllllllllllllll S -
1111111111111111111111111111111111 - -
-
o

LE B EIEELEEBELERLELLELERNEELENEELEEELLBEENELLELLL.J
11111111111111111111111111111111111111
lllllllllllllllllllllllllllllllllllllll

\\\\\\\\ A . N
= \ A0

18

18A 120 1R
SOA "8?:5 f“‘c 1E5 o

. ]

aixﬁixm R e 1& et et N

N y >
N /}

: -t‘i;“‘;a\“‘;a‘;‘z;& \JWi:I_

N " n
E 11"| N 1 O

) 18
] SA ‘ISC’E 18

US 8,299,461 B2



U.S. Patent Oct. 30, 2012 Sheet 4 of 8 US 8,299.461 B2

AR
18A 18C 18B

18

200
220 020 220 220 2
i\\t l\x '\\ E‘\‘\
\ y \ Y
D10 —>
7 T T T
| | M L M
i) e e’ el et BN
T i T4 i &

210 —= I I j
PR BN M,_,f"' 1 A 24‘0
I % Jé“_:;:--""" e

E i L
® | I ® hi f; i e JF#H’I
* o j:'f b ﬁ{i}ﬁ T
— == L —
- R e I~ ey




U.S. Patent Oct. 30, 2012 Sheet 5 of 8 US 8,299,461 B2

HG.7

370 2
|
.Jff

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

b b | b

jf{/f /ff f/” // gkyff// xfff!-gﬁo

# f
. / & ,fj
E‘f - s f,r"i A e ,r""j &
& ra /'! ‘i_..:" ",r" . o //

T I I N R R

\N\\\%\\,\\\\\\\\\\\%} 314

i \
! \ x e 310

s . \
‘= | ‘
] / )
. %

320 300 330



US 8,299,461 B2

U.S. Patent Oct. 30, 2012 Sheet 6 of 8

F1G.8

Vg-ld CHARACTERISTICS OF 16Z0-TFT

1.0E-05

1.0E-06

1.0E~Q7

1.0E-08

[d(A)

1.0E-08

1.0E~10

1.0E-11

{0E-12




U.S. Patent Oct. 30, 2012 Sheet 7 of 8 US 8,299,461 B2

-9

Vg-1d CHARACTERISTCS OF 1GZ0-TFT

""O"“In:Ga:anl 11 —2-1 1
—&—In:Ga:Zn=1:1:2 ;

|

1
1
3
b

35E-06 |

30E-06

|
I
1
1
|
|
bl - e e, g oyl - T o e R U o ek, T R iy el e e e B A L T R
1
- |
F
1
1
|
|

Id(A)

2 0E-06 |

{ 5E~06 |—

1 0E-08 |t

: A
' 1
L
: ]
. i ]
5 0 E-—G - bl " el e WP W WY rn—h—*n#rii—hﬁﬂh——fﬁ#q##-i‘
; . 1
[ ] .
: 3
' 1

E .

0.0E+00 GooodbocoooodoococoMoodoee® T L L 1
-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 & 9 10
Ve(V)




U.S. Patent Oct. 30, 2012 Sheet 8 of 8 US 8,299,461 B2

H1G. 10

yim=1(10mm}/v(10nm /1 (30mnm) 1 vs. u

1 (cme/vs)

-
(.0 RS as 3.0 & (O 2. .0

v o= LO10nm) /v 0nm) /1L(30nm)

.11
yim=1{10nm}/v{10nm}/1{30nm)i vs. Ion/Ioff

T U0

Ton / Ioftt

o

¥

‘i.

(Hl
%

O 1.0 2 0 3.0 4.0 .60 &0

v ooom o= 1(10nm}/v{(10nm}/1(30nm)



US 8,299,461 B2

1

THIN FILM TRANSISTOR, METHOD OFK
PRODUCING THE SAME, ELECTROOPTIC
APPARATUS, AND SENSOR

CROSS-REFERENCE TO RELATED
APPLICATION

This Application claims priority under 35 USC 119 from

Japanese Patent Application No. 2009-140426, filed on Jun.
11, 2009, the disclosure of which 1s incorporated by reference
herein.

BACKGROUND OF THE INVENTION

1. Field of Invention

The present invention relates to a thin film transistor, a
method of producing the same, an electrooptic apparatus, and
a Sensor.

2. Description of the Related Art

Since the report made by the group led by Professor Hideo
Hosono (Frontier Research Center & Materials and Struc-
tures Laboratory of the Tokyo Institute of Technology) and
other researchers, there has been an increase 1n studies of the
application of In—Ga—Z7n—O0 oxide matenals (also which
may be referred to as “IGZ0” or “IGZ0 materials™ hereinai-
ter) to active layers of thin film transistors (TFTs) (see, for
example, Science, 300 (2003) 1269, Nature, 432 (2004) 488).

The 1GZ0 matenals exhibit higher carrier mobility than
that of amorphous silicon (a-S1). In addition, IGZ0O materials
can be formed 1nto films on resin substrates at low tempera-
tures. For these reasons, 1t 1s expected that IGZO materials
will be applied to, for example, driving elements of flexible
displays or the like 1n the future.

As an example of a TFT prepared using an IGZ0 material,
a TFT 1s disclosed 1n which an active layer, as well as a
high-resistance layer that 1s arranged between the active layer
and a gate 1msulating film, are formed from IGZ0O material,
thereby attaining excellent TEFT properties (see, for example,

Japanese Patent Application Laid-Open (JP-A) No. 2007-
73701).

SUMMARY OF THE INVENTION

In the TFTs prepared using 1GZ0O materials, including the
TFT disclosed in JP-A No. 2007-73701, on-state currents
may be low, and the properties of the transistors may shift
(deviate) from 1deal properties as transistors.

The present invention has been made 1n view of the above
circumstances and provides a thin film transistor, a method of
producing the same, an electrooptic apparatus, and a sensor.

According to a first aspect of the invention, there 1s pro-
vided a thin film transistor including;:

a substrate; and, on the substrate,

an oxide semiconductor film which serves as an active
layer and contains In, Ga, and Zn, a gate electrode, a gate
insulating film, a source electrode, and a drain electrode,

wherein, when a molar ratio of In, Ga, and Zn 1n the oxide
semiconductor film 1s expressed as In:Ga:Zn=(2.0-x):x:y
wherein the mequalities 0.0<x<2.0 and 0.0<y are satisiied,
the distribution of v 1n the thickness direction of the oxide
semiconductor film has a region at which a value of y 1s larger
than that at a surface of the oxide semiconductor film at a side
closer to the substrate and that at a surface of the oxide
semiconductor film at a side farther from the substrate.

According to a second aspect of the mnvention, there 1s
provided a method of producing the thin film transistor
according to the first aspect of invention, the method includ-
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ing: forming at least a part of the oxide semiconductor film,
including a region at which the value of y 1s at least 90% of the
absolute maximum value thereot over an entire thickness of
the oxide semiconductor film, by a series ol consecutive
film-forming processes during which the part of the oxide
semiconductor film 1s not exposed to the atmosphere.

According to a third aspect of the invention, there 1s pro-
vided an electrooptic apparatus including the thin film tran-
sistor of the first aspect of invention.

According to a fourth aspect of the invention, there is
provided a sensor comprising the thin film transistor of the
first aspect of invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a conceptual diagram showing an example of v
distribution in the film thickness direction of an IGZO film 1n

the invention;

FIG. 2 1s a conceptual diagram showing an example of v
distribution 1n the film thickness direction of an IGZO film 1n
the invention;

FIG. 3 1s a flow chart showing an example of a method of
producing a thin film transistor (TFT) according to the inven-
tion;

FIG. 4 1s a flow chart showing an example of a method of
producing a thin {ilm transistor (TFT) according to the inven-
tion;

FIG. 5 1s a schematic diagram showing an example of a
top-gate thin film transistor;

FIG. 6 1s a schematic diagram showing a liquid crystal
display device which 1s an example of an electrooptic appa-
ratus of the invention;

FIG. 7 shows a conceptual sectional view of an X-ray
sensor which 1s an example of a sensor of the invention;

FIG. 8 shows the results of measurements of transistor
properties (Vg-Id characteristics) measured in the Examples
of the invention;

FIG. 9 shows the results of measurements of transistor
properties (Vg-Id characteristics) measured 1n the Examples
of the invention;

FIG. 10 1s a diagram showing a comparison in carrier
mobility of Examples 1, 2, and 3 and Comparative Example
3: and

FIG. 11 1s a diagram showing a comparison 1n on/oif ratios
(1.e., ratios of on-state current/off-state current) of Examples
1, 2, and 3 and Comparative Example 3.

DETAILED DESCRIPTION OF THE INVENTION

Thin Film Transistor and Method of Producing the Same

A thin film transistor of the invention includes a substrate,
and an oxide semiconductor film, a gate electrode, a gate
insulating film, a source electrode, and a drain electrode,
which are provided on the substrate, the oxide semiconductor
f1lm 1ncluding In, Ga, and Zn and serving as an active layer. In
the thin film transistor, when the molar ratio of In, Ga, and Zn
(1.e., In:Ga:7Zn ratio) of the oxide semiconductor film 1s
expressed by an expression, In:Ga:Zn=(2.0-x):x:y (wherein
0.0<x<2.0, and 0.0<y are satisfied), the distribution of y
(which may be referred to as “‘y distribution” hereinaiter) in
the thickness direction of the oxide semiconductor film has a
region, in the thickness direction of the oxide semiconductor
f1lm, at which the value of y (which may be referred to as *y
value” heremafter) 1s larger than the value of y at a film
surface at a side closer to the substrate and the value of y at a
film surface at a side farther from the substrate.
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In recent years, studies have been conducted on application
of an oxide semiconductor film containing In, Ga, and Zn
(which may be referred to as “I1GZ0 film” hereinatter) to an
active layer of a thin film transistor (which may be referred to
as “TET” heremafter). In general, IGZO films that have been
used so far have a molar ratio of the respective metal elements

(1.e., In:Ga:Zn rat10) in the IGZO film o1 1.0:1.0:1.0 or about
1.0:1.0:1.0.

However, when the IGZO film having such a molar ratio 1s

used as an active layer of a TF'T, the on-state current may be
msuificient.

In this regard, when an IGZO {ilm, 1n which the molar ratio
of Zn 1s increased to have an In:Ga:Zn ratio of from 1.0:1.0:
2.0 to 1.0:1.0:5.0, 1s used as the active layer of a TFT, the
on-state current obtained tends to be increased. However, the
increased Zn ratio results 1n a decrease of the resistance of the
active layer, and thus significantly changes TFT properties
(specifically, shifting the Vg-Id characteristic curve of the
TFT towards the negative Vg side (hereinafter referred to as
“characteristics shift” in some cases); this shift 1s observed in

the case of, for example, the characteristics curve for “In:Ga:
/n=1:1:2 shown 1n FIG. 8). When the shift 1s large, negative
gate bias has to be applied to the TFT 1n order to turn off the
TFT.

In this regard, when a TFT 1s made to have the configura-
tion of the mvention so as to have a Zn-rich region (region
having a high Zn molar ratio) 1n an active layer, the charac-
teristics shift can be prevented while a high on-state current
(1.e., high carrier mobility) 1s attained.

Furthermore, according to the imnvention, since the charac-
teristics shift can be reduced, the gate bias applied for causing
the TFT to get into the off-state can be reduced. In other
words, a normally-oif TFT can easily be obtained while a
high on-state current (i.e., high carrier mobility) 1s attained.

In addition, according to the invention, since the gate bias
1s reduced, electrical consumption for driving a TFT can be
reduced.

In the mvention, a state where a high on-state current 1s
attained and the characteristics shift 1s reduced, and a state
where, 1n addition to these conditions, a low off-state current
1s attained may be simply referred to “having excellent tran-
sistor properties’.

In the following, an example of the IGZO film of the
inventionis described by referring to FIGS. 1 and 2. However,
the invention 1s not limited to this example.

Each of FIGS. 1 and 2 15 a conceptual diagram showing an
example ol y distribution 1n the film thickness direction of an
IGZO film of the invention.

In FIGS. 1 and 2, the horizontal axis indicates percentage-
wise a film thickness of an IGZO film, 1n which a film thick-
ness of “0%” indicates a surface of the IGZ0O film at a side
closer to a substrate, and a film thickness o1 “100% indicates
a surface of the IGZO film at a side farther from the substrate.

In FIGS. 1 and 2, the vertical axis indicates the y value
when the molar ratio of In, Ga, and Zn (1.e., In:Ga:Zn molar
rat10) 1s expressed by the expression, In:Ga:Zn=(2.0-x):x:y
(provided that 0.0<x<2.0, and 0.0<y are satisfied).

In FIGS. 1 and 2, distribution curves “a” to “e” each rep-
resent examples of y distribution of the invention, and each
shows that a region at which the y value 1s larger than that at
the film surface at a side closer to a substrate (1.¢., the position
indicated by the thickness 01 0% 1n FIGS. 1 and 2) and the film
surface at a side farther from the substrate (1.e., the position
indicated by the thickness of 100% 1n FIGS. 1 and 2). In other
words, the IGZ0O film of the invention includes, at the interior

of the film, a region at which the y value 1s larger than the y
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values at both surfaces (1.¢., the film surface at a side closer to
the substrate and the film surface at a side farther from the
substrate) of the IGZO film.

The region at interior of the film at which the y value 1s
relatively high (i.e., Zn-rich region) contributes to increase in
on-state current.

Meanwhile, regions which are present at both surfaces of
the film and at which the y values are relatively low contribute
to reducing characteristics shift.

The y distribution 1n the thickness direction in the invention
may be measured by element analysis in the depth direction
by X-ray photoelectron spectroscopy (XPS) or secondary 1on
mass spectrometry (SIMS), or by cross-sectional TEM-EDX,
for example. For example, the y distribution 1n a cross-sec-
tional sample which has been processed by focused 1on beam
(FIB) 1s measured by energy dispersive X-ray spectroscopy
(EDX) 1n combination with transmission electron micros-
copy (acceleration voltage: 200 kV to 300 kV). The line
analysis may be performed under the conditions of a beam
diameter of 1 nm or less and a resolution of from 120 to 150
¢V, whereby highly accurate element distribution 1n the thick-
ness direction can be evaluated. For example, the evaluation
may be performed using a transmission electron microscope
(TEM) (trade name: HD-2700, manufactured by Hitachi Hi-
Technologies Corporation) and an energy dispersive X-ray
spectrometer (EDX) (trade name: GENESIS, manufactured
by EDAX) under the following conditions; beam diameter:
0.4 nm, measurement time per 1 point: 1 second, and the
number of measurement points incorporated: from 200 to 300
for a sample having a thickness of about 100 nm.

In the invention, the film surface at a side closer to the
substrate corresponds to the surface of an IGZ0O {ilm at a side
closer to a gate insulating film in a bottom-gate TFT, and
corresponds to the surface of an IGZO film at a side farther
from a gate msulating {ilm 1n a top-gate TFT.

The film surface at a side farther from the substrate corre-
sponds to the surface of an IGZO film at a side farther from a
gate insulating film 1n a bottom-gate TF'T, and corresponds to
the surface of an IGZ0 film at a side closer to a gate insulating,
film 1n a top-gate TFT.

When a vy value at the IGZO {ilm surface at a side closer to
a gate msulating film 1s larger than the y value at an internal
portion of the IGZO film, a channel 1s formed at the interface
between the IGZO film surface and the gate insulating film.
Accordingly, owing to deficiency, contaminants, and the like
which are present at the interface (1.e., contact surface
between the gate insulating film and the IGZO film), the
on-state current (carrier mobility ) may be reduced, or transis-
tor properties may become unstable.

When the y value at the IGZO film surface at a side farther
from a gate insulating film 1s larger than the y value at an
internal portion of the IGZO film, the off-state current may be
increased, adequate on/off ratio may not be attained, or tran-
sistor properties may be unstable.

The y distribution in the thickness direction may be a
curved distribution (e.g., distribution curve “a” shown in FIG.
1), a linear distribution (e.g., distribution curve “b” or “d”
shown 1n FIG. 1), or a distribution curve including a curved
portion and a linear portion (e.g., distribution curve “c”
shown 1n FIG. 1 or distribution curve “e” shown in FIG. 2).

In the following, embodiments of the y distribution, which
are further preferable from the viewpoint of more effectively
exerting the effect of the invention, are described.

From the viewpoint of increasing an on-state current (car-
riecr mobility), the absolute maximum vy value over the y
distribution 1s preferably 1.8 or more (see, for example, dis-
tribution curves “a” to “e” shown 1 FIGS. 1 and 2).
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From the viewpoint of increasing an on-state current (car-
rier mobility), the absolute maximum y value is preferably 5.0
or less (see, for example, distribution curves “b” to “e” shown
in FIGS. 1 and 2).

Accordingly, from the viewpoint of increasing an on-state
current (carrier mobility), the absolute maximum y value over
the y distribution 1s more preferably from 1.8 to 3.0, further
more preferably from 1.8 to 4.0, even more preferably from
1.8 to 3.0, and particularly preferably from 1.8 to 2.2.

It 1s preferable that at least a part of the IGZO film (more
preferably the entire 1GZO film 1n the ivention), which
includes a region at which the y value 1s at least 90% of the
absolute maximum vy value, 1s formed by a series of consecus-
tive film-forming processes, whereby contamination or defi-
ciency at interfaces of respective regions due to the atmo-
sphere can be prevented, and superior transistor properties
can be attained. Moreover, the number of processes to form
the IGZO film can be reduced, whereby production cost can
be reduced.

As an example of conventional TFTs, JP-A No. 2007-
73701 discloses thata TF'T having good properties 1s obtained
by forming an active layer as well as a high-resistance layer
that 1s arranged between the active layer and a gate insulating,
film using an 1GZ0. JP-A No. 2007-737701 discloses that a
suitable interface between the active layer and the high-resis-
tance layer can be formed because the high-resistance layer in
the amorphous state 1s planar. However, since the active layer
and high-resistance layer are formed as independent layers
having different shapes, and the high-resistance layer 1s
formed after formation of a source electrode and a drain
clectrode subsequent to forming the active layer, the interface
between the active layer and the high-resistance layer may
casily be contaminated, or may have deficiency. Furthermore,
since an iterface of the active layer at a side opposite to the
interface between the active layer and gate insulating layer 1s
not treated, deficiency 1s likely to be generated and is one of
the factors that affect the device properties. For these reasons,
it has been difficult to obtain suificient transistor properties
regarding achievement of stability and reliability, and regard-
ing achievement of both favorable on property and favorable
off property. Moreover, increase in production cost due to
increase 1n number of processes has been problematic.

In contrast to the disclosure of JP-A No. 2007-73701, an
embodiment of “formation by a series of consecutive film-
forming processes” used 1n the mvention prevents contami-
nation at the interface caused by the atmosphere and prevents
occurrence of deficiency at the interface, resulting 1n superior
transistor properties. In addition, the number of processes of
forming the film can be reduced in the ivention, whereby
production cost can be reduced.

In the invention, from the viewpoint of effectively attaining,
the balance between the increase 1n on-state current and the
suppression ol characteristics shift, a thickness of a region at
which y value 1s at least 90% of the absolute maximum vy
value of the oxide semiconductor film (t_ . ) 1s less than
one-third of a total thickness of the oxide semiconductor film,
as shown by the distribution curve “e” i FIG. 2.

The center, 1n the thickness direction, of the region at which
the v value 1s at least 90% of the absolute maximum vy value
over the y distribution 1s preferably positioned at a side closer
to the gate insulating film (or closer to the substrate when the
TFT 1s a bottom-gate TFT) with respect to the center of the
oxide semiconductor film 1n the thickness direction, whereby
a channel can be formed 1n the region having a large y value,
and the on-state current can be additionally increased.

For similar reasons, the region at which the y value 1s at
least 90% of the absolute maximum vy value over the y distri-
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bution 1s preferably included 1n a region ranging from 1 nm to
30 nm, 1n the thickness direction of the oxide semiconductor
film, from the gate-insulating-film-side surface of the oxide
semiconductor film (or, 11 the TF'T 1s a bottom-gate TF T, from
a surface of the oxide semiconductor film at a side closer to
the substrate).

The IGZO film used 1n the invention 1s preferably amor-
phous.

Among IGZ0 films, an amorphous 1GZO film can be
formed at particularly low temperatures (for example, at a
substrate temperature of 200° C. or less), and can be easily
formed on a flexible resin substrate such as a plastic substrate.
Accordingly, an amorphous 1GZ0O {ilm can be more easily
applied to production of a flexible display having a plastic
substrate with a TF'T thereon.

Furthermore, 1t 1s easy to form a uniform film over a large
area using the amorphous IGZ0 film, and variations of device
properties can be reduced because the amorphous 1GZ0 film
1s Iree from grain boundary unlike polycrystalline materials.

Whether the IGZO film 1s amorphous or not may be con-
firmed by X-ray diffraction. Specifically, when a distinct peak
that indicates a crystalline structure i1s not found by X-ray
diffraction, the IGZO film 1s determined to be amorphous.

Hereinafter, a surface of the IGZ0O film at a side closer to
the substrate may be referred to as surface A of the IGZO film,
and a surface of the IGZO film at a side farther from the
substrate may be referred to as surface B of the IGZO film.
From the viewpoints of effectively exerting the effect of the
invention and facilitating production, 1t 1s preferable that the
IGZO film of the mvention includes: a first region which
includes the surtace A of the IGZO film and at which the y
value 1s from 0.8 to 1.2; a second region which includes the
surface B of the IGZO film and at which the y value 1s from
0.8 to 1.2; and a third region which includes a region at which
y takes the absolute maximum value and at which the y value
1s 1.8 or more (for example, distribution curves “c”, “d”, and
“e”).

It 1s preferable that at least one of the change in y value
from the first region to the third region and the change iny
value from the third region to the second region 1s continuous
(for example, distribution curves “a” to “c” and “€”).

a to'c¢c

In the above, the thin film transistor of the invention i1s
described focusing on the configuration of the IGZO film
which serves as an active layer. Known configurations may be
applied, without particular limitations, to configurations of
other elements (such as a gate electrode, a gate msulating
film, a source electrode, and a drain electrode).

The thin film transistor of the invention may have, as
required, an additional element such as a known inter-layer
insulating film (which may be referred to as “passivation
f1lm™ or “protective film™) or a known pixel electrode.

The thin film transistor of the invention may be a bottom-
gate TF'T or atop-gate TF'T. From the viewpoint of effectively
exerting the effect of the invention, the thin film transistor 1s
preferably a bottom-gate TFT.

Embodiments

In the following, specific embodiments of a thin film tran-
sistor of the mvention are described by referring to the pro-
duction method thereot. However, the invention 1s not limited
to these embodiments.

FIG. 3 and FIG. 4 are flow charts showing an example of a
method of producing a thin film transistor (TFT) of the inven-
tion.
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Substrate
First, a substrate 10 for forming a TFT 1s provided (see FI1G.
3(A)).

The shape, structure, size and the like of the substrate 10
are not particularly limited, and appropnately selected 1n
accordance with the mtended purpose or the like. The sub-
strate 10 may have a single layer structure, or may have a
laminated structure (a multilayer structure).

The substrate 10 1s not particularly limited, and examples
thereol include morganic substrates formed from zirconia-
stabilized yttrium (YSZ) or glass; and resin substrates (which
may be referred to as “plastic substrates™ hereinatter) formed
from a synthetic resin such as polyester (e.g., polyethylene
terephthalate (PET), polybutylene terephthalate, or polyeth-
ylene naphthalate (PEN)), polystyrene, polycarbonate, poly-
cther sulfone, polyarylate, allyl diglycol carbonate, polyim-
ide, polycycloolefin, norbormene resin, or poly
(chlorotrifluoro ethylene).

Of these, resin substrates are preferable from the view-
points of being lightweight and having flexibility.

When the substrate 10 1s a resin substrate, the resin sub-
strate preferably has excellent heat resistance, excellent
dimensional stability, excellent solvent resistance, excellent
clectrical insulation property, excellent workabaility, low gas
permeability, low hygroscopic property, or the like.

In general, resin substrates have poor heat resistance.
Therefore, when an electronic device 1s formed on a resin
substrate, the process temperature in the production of the
clectronic device 1s preferably 200° C. or lower, more pret-
erably 150° C. or lower, and particularly preferably 100° C. or
lower.

In this regard, since an 1GZO {ilm, which can be formed
(for example, by sputtering) at low temperatures, 1s used as a
semiconductor layer in the electronic device of the invention,
the process temperature in the production of the electronic
device can be set to 200° C. or lower.

Accordingly, a TFT, for example, can be formed on a resin
substrate to serve as an electronic device of the invention, and
a tlexible display can be prepared using the thus-obtained
TFT substrate.

The resin substrate may be provided with, for example, at
least one of a barrer layer preventing permeation of moisture
or oxygen, an undercoat layer for improving flatness of the
resin substrate or adhesion to a lower electrode, or another
layer.

In the invention, the thickness of the substrate 1s preferably
from 50 um to 500 um.

When the thickness of the substrate 1s 50 um or more, the
flatness of the substrate 1s more improved.

When the thickness of the substrate 1s 500 um or less,
flexibility ofthe substrate 1s more improved, and the use of the
substrate as a substrate for a flexible display 1s facilitated.

Gate FElectrode

A gate electrode 12 1s formed on the substrate 10 (FIG. 3
(B)).

The material of the gate electrode 12 may be a material
having electric conductivity and thermal resistance (500° C.
or higher). Examples of materials that can be used for forming
an electrically conductive film of the gate electrode 12
include metals such as Al, Mo, Cr, Ta, T1, Au, and Ag; alloys
such as Al-—Nd and APC (trade name, manufactured by
Furuya Metal Co., Ltd.; Ag alloy); and metal oxide electri-
cally conductive films such as a conductive film of tin oxide,
zinc oxide, indium oxide, indium tin oxide (ITO), or indium
zinc oxide (1Z0).

The structure of the gate electrode 12 may be a single layer
structure consisting of an electrically conductive film, or may
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be alaminated structure (multi-layer structure) of two or more
clectrically conductive films; the electrically conductive film
or the electrically conductive films may be selected from
those described above.

The gate electrode 12 1s formed on the substrate 10 by, for
instance, a method appropriately selected 1n consideration of
the suitability to the material that 1s used to form the gate
clectrode. Examples thereof include wet methods such as a
printing method and a coating method; physical methods
such as a vacuum deposition method, a sputtering method,
and an 10n plating method; and chemical methods such as
CVD (chemical vapor deposition) and a plasma CVD
method. The thickness of the gate electrode 12 1s preferably
from 10 nm to 1000 nm (more preferably from 50 nm to 200
nm).

For example, a Mo film, an Al film, an Al—Mo film, or a
multilayer film composed of a combination thereof 1s formed
by, for example, sputtering.

After the film formation, patterning by photolithography
and etching 1s performed to give a predetermined shape. In
this process, 1t 1s preferred that the patterming of the gate
clectrode 12 1s performed simultaneously with the patterning
of gate wires (not shown).

Gate Insulating Film
After forming the gate electrode 12 on the substrate 10, a gate
insulating film 14 1s formed (FIG. 3 (C)).

The gate isulating film 14 1s a film having insulating
property and thermal resistance (500° C. or higher). For
example, the gate insulating film 14 may be an insulating film
of S10,, SiN,, S10N, Al,O,, Y ,0,, Ta,O., HIO,, or the like
or may be an insulating layer containing at least two of these
compounds.

The gate insulating film 14 1s formed on the substrate 10 by
a method appropriately selected in consideration of the suit-
ability to the material that 1s used to form the gate imnsulating
f1lm. Examples thereof include wet methods such as a print-
ing method and a coating method; physical methods such as
a vacuum deposition method, a sputtering method, and an 1on
plating method; and chemical methods such as CVD and a
plasma CVD method. Then, patterning by a photolithography
method and etching 1s performed to give a predetermined
shape, as necessary.

Note that, the gate insulating film 14 should be thick
enough to reduce the leak current and to improve the voltage
resistance. However, when the gate insulating film 14 1s too
thick, arise 1n drive voltage occurs. Although the thickness of
the gate insulating film 14 1s set 1n consideration of the mate-
rial of the gate insulating film 14, the thickness of the gate
insulating film 14 1s preferably from 10 nm to 10 um, more
preferably from 50 nm to 1000 nm, particularly preferably
from 100 nm to 400 nm.

Specifically, for example, the gate insulating film 14 may
be formed by subjecting an insulating film which 1s formed
from silicon oxide (S10,), silicon nitride (SiN_), or the like
and which has a thickness of from 100 to 400 nm to sputter-
ing, CVD, or the like.

Active Layer (Semiconductor Layer)

After forming the gate insulating film 14, an IGZ0 film 16
including a first layer 16 A, a third layer 16C, and a second
layer 16B 1s formed (see FI1G. 3(D)).

The IGZ0 film 16 1s formed, for example, by sputtering or
the like, 1n such a manner that the Zn ratio takes an absolute
maximum value inside the IGZO film; the absolute maximum
value may simultaneously be a local maximum value, and the
same applies heremafiter.

For example, three layers may be formed in such a manner
that a layer having a thickness of 10 nm and a compositional
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ratio of metal elements In, Ga, and Zn (1.e., In:Ga:ZN) of
1.0:1.0:1.0, a layer having a thickness of 10 nm and a com-
positional ratio In:Ga:Zn o1 1.0:1.0:2.0, and a layer having a
thickness of 30 nm and a compositional ratio In:Ga:Zn of
1.0:1.0:1.0, are formed 1n this order.

In other words, for example, there may be formed a first
layer 16 A having an In:Ga:Zn ratio of 1.0:1.0:1.0 (thickness:
10 nm), a third layer 16C having an In:Ga:Zn ratio 01 1.0:1.0:
2.0 (thickness: 10 nm), and a second layer 16B having an
In:Ga:Zn ratio of 1.0:1.0:1.0 (thickness: 30 nm) 1n this order.

The total thickness of IGZO film 16 1s preferably from
about 30 nm to about 200 nm, and respective layers 1n the
IGZO film are preferably formed by a series of consecutive
film-forming processes without being exposed to the atmo-
sphere.

The IGZ0 film may have a configuration in which the
respective layers are not distinctly separated by interfaces.
For example, the y value in theratio, In:Ga: Zn=1.0:1.0:y, may
continuously change 1n the thickness direction, so that the y
distribution 1n the IGZ0O film takes an absolute maximum
value 1nside the IGZO {ilm; 1n this case, a region at which the
value of y 1s at least 90% of the absolute maximum value ol y
1s preferably located 1n a region ranging from 1 nm to 30 nm
from the interface between the 1GZ0 film 16 and the gate
insulating film 14, as described above.

When film formation in which the metal element ratio 1s
changed 1s performed by sputtering, the sputtering may be
performed, for example, as follows. Specifically, co-sputter-
ing may be performed using plural targets each selected from
a /Zn target, a Ga target or Zn target or a simple or complex
oxide thereolf, and the metal element ratio may be changed by
adjusting the current applied to one or some of the targets, a
shielding plate for one or some of the targets, or the like.

For example, the IGZO film 16 (active layer) having the
above configuration may be formed by co-sputtering using an
InGaZnO, target and a ZnO target 1n such a manner that a
constant power of 200 W 1s applied to the InGaZnO,, target,
and the power applied to the ZnO target 1s changed within a
range of from 0 to 60 W,

A distribution of vy 1n the IGZO film 16 similar to the
distribution d shown 1n FIG. 1 1s obtained when, 1n the for-
mation of the film, a constant electric power 1s applied to a
/n0O target during the formation of each of the first layer 16 A,
the third layer 16C, and the second layer 16B, and the electric
power applied 1s swiltly changed to a next predetermined
value when completing the formation of one layer to start
formation of the next layer. The formation of the film may
alternatively be performed such that a constant electric power
1s applied to a ZnO target during the formation of each of the
first layer 16 A, the third layer 16C, and the second layer 16B,
and such that the electric power applied 1s gradually changed
when completing the formation of one layer to start formation
of the next layer, as a result of which the y distribution
becomes similar to the distribution ¢ shown 1n FIG. 2. In the
latter case, no distinct interfaces are formed between the
respective layers.

Subsequently, the IGZO film 16 1s patterned to form an
active layer 18 including a first layer 18 A, a third layer 18C,
and a second layer 18B (FI1G. 4 (A)). Here, the active layer 18
1s formed to have a pattern of, for example, an 1sland shape, so
that the active layer 18 has an overlapping portion with the
gate electrode 12 when viewed 1n the normal direction of the
substrate 10.

Patterning of the IGZ0O film 16 may be performed by a
photolithography and etching. Specifically, the IGZO film 16
provided on the gate 1nsulating film 14 1s patterned by pro-
viding a resist at portions that should remain as the active
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layer 18 by photolithography, and then etching the exposed
portions of the IGZO film 16 with an acid solution such as
hydrochloric acid, nitric acid, dilute sulfuric acid, or a mixed
liquid of phosphoric acid, nitric acid, and acetic acid (AL
ETCHANT, trade name, manufactured by Kanto Chemical
Co., Ltd.), as a result of which the active layer 18 1s formed.
An aqueous solution including phosphoric acid, nitric acid,
and acetic acid 1s a preferable example since the use thereof
ensures removal of the exposed portions of the IGZO film 16.

Source Flectrode and Drain Electrode

Next, a metal film for forming a source electrode 20A and
a drain electrode 20B 1s formed on the active layer 18 and the
gate msulating film 14.

The metal film may be formed 1in the same manner as 1n the
preparation of the metal film of the gate electrode 12.

The metal film 1s preferably a Mo film, an Al film, an
Al—Mo film, or a multilayer film composed of a combination
thereol, each of which 1s formed by, for example, sputtering.

In light of film forming property, capability of patterning
by etching or a lift-ofl, electric conductivity (reduction of
clectric resistance), and the like, 1t 1s preferred that the film
thickness of the metal film 1s from 10 nm to 1000 nm, and
more preferably from 50 nm to 100 nm.

Next, the metal {ilm 1s subjected to patterning by etching or
lift-otl, whereby a source electrode 20A and a drain electrode
20B, each of which 1s 1n contact with the active layer 18, are
formed (see FI1G. 4 (B)).

The source electrode 20A and drain electrode 20B are each
formed so as to have a portion overlapping the gate electrode
12 and the active layer 18 when viewed 1n the normal direc-
tion of the substrate 10.

It 1s preferable that the patterning of the source electrode
and drain electrode 1s performed simultaneously with the
patterning of wires (such as data wires) that are connected to
the source electrode and of wires (such as data wires) that are
connected to the drain electrode.

Inter-Layer Insulating Film

After forming the source electrode 20A, the drain electrode
20B, and the wires, an inter-layer insulating film 22 1s formed
(FI1G. 4 (C)).

Examples of materials that can be used to form the inter-
layer insulating film 22 include metal oxides such as MgO,
S10, S10,, Al,O;, GeO, N10, Ca0, Ba0O, Fe,O,, Y,0;, and
110,; metal nitrides such as SiN y-and SiIN, O, ; metal fluorides
such as Mgk, LiF, AlF, and CaF ,; polyethylene; polypropy-
lene; polymethyl methacrylate; polyimide; polyurea; polytet-
rafluoroethylene; polychlorotrifluoroethylene; polydichlo-
roditfluoroethylene; copolymers of chlorotrifluoroethylene
and dichlorodifluoroethylene; copolymers obtained by copo-
lymerizing a monomer mixture containing tetrafluoroethyl-
ene and at least one comonomer; fluorine-containing copoly-
mers each having a cyclic structure 1 the copolymer main
chain; water absorbing substances each having a coefficient
of water absorption o1 1% or higher; and moisture permeation
preventive substances each having a coelficient of water
absorption of 0.1% or lower.

The method of forming the inter-layer insulating film 22 1s
not particularly limited. Examples of the method include a
vacuum deposition method, a sputtering method, a reactive
sputtering method, a molecular beam epitaxy (MBE) method,
a cluster 1on beam method, an 1on plating method, a plasma
polymerization method (a radio frequency 1on plating
method), a plasma chemical vapor deposition (CVD) method,
a laser CVD method, a thermal CVD method, a gas source
CVD method, a coating method, a printing method, and a
transferring method, and the method may be selected depend-
ing on the material.
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The thickness of the inter-layer insulating film 22 1s usually
from 50 nm to 10,000 nm, depending on the material or the
like.

Specifically, for example, the inter-layer insulating film 22
may be an msulating film of silicon oxide (S10,), silicon
nitride (SiN_), or the like having a thickness of from 100 nm
to 200 nm, which may be formed by, for example, sputtering,
or CVD.

Pixel Electrode

Subsequent to the formation of inter-layer msulating film
22, a contact hole 24 1s formed to penetrate through the
inter-layer imsulating film 22 by photolithography and etch-
ing (or lift-oil), and a pixel electrode 26 and the like are then
tformed (see FI1G. 4(D)).

For example, after a film of indium tin oxide (ITO) 1s
formed by sputtering, the film may be patterned by photoli-
thography and etching (or lift-oil), whereby a patterned pixel
electrode 26, which connects to the drain electrode 20B
through the contact hole 24, 1s obtained.

Other than the ITO used 1n the above description, the pixel
clectrode 26 may alternatively be formed from Al, Al—Nd, or
the like.

The TFT described above has a Zn-rich region (region in
which the Zn molar ratio 1s high) 1n a part of the active layer
18 (the third layer 18C); therefore, characteristics shift 1s
reduced while a high on-state current 1s achieved.

Since the characteristics shift 1s reduced, the gate bias
required to get the TEF'T to be 1n the off-state can be reduced,
and electrical consumption for driving the TFT can be
reduced.

The TFT described above 1s a bottom-gate top-contact TF'T
among bottom-gate TFTs. However, a bottom-gate bottom-
contact TFT can be obtained by changing the order of forma-
tion of the active layer 18, the source electrode 20A, and the
drain electrode 20B (1.e., changing the layer configuration) 1in
the TFT.

Some embodiments of the invention are described 1n the
above; however, the invention 1s not limited to these embodi-
ments.

For example, at least one of the inter-layer insulating film
22 or the pixel electrode 26 may be omitted.

Furthermore, the invention 1s not limited to a bottom-gate
TFT, and may be applied to a top-gate TFT having a configu-
ration as shown 1n FIG. 5, for example. When the invention 1s
applied to a top-gate TFT having a configuration as shown 1n
FIG. 5, an IGZ0O film may be formed on a substrate 10, and
subjected to patterning to form an active layer 18, and a
source e¢lectrode 20A and a drain electrode 20B may be
tormed thereon, followed by forming a gate insulating {ilm 14
and a gate electrode 12 1n this order.

The 1GZ0 film preferably includes a first layer, a second
layer, and a third layer (which respectively correspond to the
first layer 18A, the second layer 18B, and the third layer 18C
in the active layer 18 shown 1n FIG. 5), similar to the IGZ0O
film 1n the bottom-gate TFT.

It 1s preferable that the center, in the thickness direction, of
a region at which the absolute maximum y value over the y
distribution 1s positioned at a side closer to the gate insulating
f1lm with respect to the center of the IGZO {ilm (active layer
18) 1n the thickness direction. In a specific example of such an
embodiment, a first layer 18A in which In:Ga:Zn ratio 1s
1.0:1.0:1.0 (thickness: 30 nm), a third layer 18C 1n which
In:Ga:Znratio 1s 1.0:1.0:2.0 (thickness: 10 nm), and a second
layer 18B in which In:Ga:Zn ratio 1s 1.0:1.0:1.0 (thickness:
10 nm) are provided 1n this order on a substrate 10.

As described above, the TFT described above by referring
to FIG. 5 1s a top-gate top-contact TFT among top-gate TF'Ts.
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However the TFT of the mmvention can be made to be a top-
gate bottom-contact TFT by changing the order of formation
of the active layer 18, the source electrode 20A, and the drain
clectrode 20B (1.¢., changing the layer configuration).

The application of the thin film transistor of the invention 1s
not particularly limited. The thin film transistor of the mnven-
tion 1s preferably used, for example, for a driving device of
clectrooptic apparatuses (such as liquid crystal display
devices, organic electroluminescence (EL) display devices,
or inorganic EL display devices).

Furthermore, the electronic device of the invention is prei-
erably used for a driving device (driving circuit) of various
clectronic devices such as devices which can be prepared by
a low-temperature process using a resin substrate (such as
flexible displays), various sensors such as X-ray sensors, and
micro electro mechanical systems (MEMS).

Electrooptic Apparatus and Sensor

The electrooptic apparatus of the invention and the sensor
ol the mvention each include the above-described thin film
transistor of the invention.

Examples of the electrooptic apparatus include display
apparatuses such as liquid crystal display apparatuses,
organic electroluminescence (EL) display apparatuses, and
inorganic EL display apparatuses.

Examples of the sensor include image sensors such as
charge coupled devices (CCDs) and complementary metal
oxide semiconductors (CMOSs) and X-ray sensors.

Since the electrooptic apparatus or sensor of the invention
includes the thin film transistor of the invention, which exhib-
its a high on-state current and reduced characteristics shiit,
the electrooptic apparatus or sensor exhibits excellent prop-
erties with low electrical consumption.

Here, the “properties” refer to the display properties when
used in connection with an electrooptic apparatus, and refer to
the sensitivity properties when used in connection with a
SEeNsor.

FIG. 6 1s a conceptual diagram illustrating a liquid crystal
display 200, which 1s an example of the display of the inven-
tion.

As shown in FIG. 6, the liquid crystal display 200 1is
equipped with plural gate wires 210 which are parallel to each
other and plural data wires 220 which are parallel to each
other. The data wires 220 and the gate wires 210 are placed 1n
such a manner that the data wires 220 are intersected with the
gate wires 210. Here, the gate wires 210 are electrically
insulated from the data wires 220. A thin film transistor (TFT)
230, which 1s a thin film transistor of the invention, 1s dis-
posed 1n a portion at or around an 1ntersection of a gate wire
210 and a data wire 220.

A gate electrode of the thin film transistor 230 1s connected
to the gate wire 210, and a source electrode of the thin film
transistor 230 1s connected to the data wire 220. Further, a
drain electrode of the thin film transistor 230 i1s connected to
a pixel electrode. A liquid crystal 250 1s held between the
pixel electrode and an opposing electrode (not shown). More-
over, the pixel electrode and an earthed opposing electrode
form a condenser 240.

Since the TFT 230 exerts a high carrier mobility and a high
on/oif ratio, high-quality properties including high fineness,
high-speed response, high contrast and the like are imparted
to the liquid crystal display device 200. When the IGZ0 used
in the active layer 1s amorphous, variations of device proper-
ties can be suppressed, whereby unevenness can be sup-
pressed and excellent display quality can be achieved even in
a large-size display. In addition, since the characteristics shift
1s reduced, the gate bias can be reduced, and electrical con-
sumption of a display device can be reduced.
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According to the invention, a semiconductor layer can be
prepared using an IGZ0 film which 1s capable of film forma-
tion at low temperatures (for example, at 200° C. or less) to
produce the thin film transistor 230. Therefore, a resin sub-
strate (plastic substrate) can be used as the substrate.

According to the invention, a tlexible liquid crystal display
device having an excellent display quality, and a flexible
organic EL. device having excellent display quality can be
provided.

FI1G. 7 1s a conceptual sectional view illustrating an X-ray
sensor 300, which 1s an example of the sensor of the inven-
tion. More specifically, FIG. 7 1s a magnified conceptual
sectional view showing a part of an X-ray sensor array.

As shown 1n FIG. 7, the X-ray sensor 300 includes a sub-
strate 310, a TE'T 320 and a capacitor 330 which are disposed
on a substrate 310, an electric charge-collecting electrode 350
which 1s disposed on the capacitor 330, an X-ray conversion

layer 360, and an upper layer electrode 370.

In FIG.7,the TFT 320 1s a top-gate TFT similar to the TFT
shown 1n FIG. 5; however, the TFT in the sensor of the
invention 1s not limited to a top-gate TFT and may be a
bottom-gate TFT.

A passivation film 340 1s provided on the TFT 320.

The capacitor 330 has a configuration 1n which an msulat-
ing film 314 1s iterposed between a capacitor-lower elec-
trode 380 and a capacitor-upper electrode 390. The material
of the capacitor-lower electrode 380 is the same as the mate-
rial of a source electrode and drain electrode of the TFT 320.
The capacitor-lower electrode 380 1s formed by patterning
simultaneously with patterning of the source electrode and
drain electrode ofthe TF'T 320. The capacitor-upper electrode
390 1s connected to either one of the source electrode or drain
clectrode of the TFT 320 through a contact hole that 1s pro-
vided to penetrate through the insulating film 314.

The electric charge-collecting electrode 350 1s provided on
the capacitor-upper electrode 390 1n the capacitor 330, and 1s
in contact with the capacitor-upper electrode 390.

The X-ray conversion layer 360 1s a layer including amor-
phous selemium, and 1s provided over the TF'T 320 and the
capacitor 330.

The upper layer electrode 370 1s provided on the X-ray
conversion layer 360, and is in contact with the X-ray con-
version layer 360.

In the X-ray sensor 300 having the above configuration,
X-rays are 1rradiated from the upper part in FIG. 7 (from the
upper layer electrode 370 side), and electron-hole pairs are
generated 1n the X-ray conversion layer 360. When a high
clectrical field 1s applied to the X-ray conversion layer 360 by
the upper electrode 370, the generated charges are accumu-

lated 1n the capacitor 330, and read out by sequentially scan-
ning the TFT 320.

In the X-ray sensor 300, the highly reliable TFT 320 1s
provided which exhibits a high on-state current and a reduced
characteristics shift; therefore, the X-ray sensor 300 has a
high S/N ratio and excellent sensitivity, and high dynamic
range 1images can be obtained. Furthermore, when the IGZ0
in the active layer of the TFT 320 1s amorphous, highly
uniform 1images can be obtained.

EXAMPLES

In the following, the present invention 1s further described
in detail with reference to examples. However, the examples
should not be construed as limiting the present mmvention.
Unless otherwise noted, “part(s)” and “%” are on the mass
basis.
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Example 1

Production of Bottom-Gate TFT

A bottom-gate TF'T was prepared in accordance with the
above-described example of a method of producing a thin
f1lm transistor (FIGS. 3 and 4).

Here, an alkali-free glass substrate (trade name: No. 1737,
manufactured by Corning Inc.) was used as a substrate 10.

First, an Al-—Nd film having a thickness of 100 nm was
formed by sputtering, and then was subjected to patterming by
photolithography and wet etching using a commercially-
available Al etching liquid, thereby forming a gate electrode
12.

Then, a gate insulating film 14 having a thickness of 150
nm was formed by sputtering S10,,.

Subsequently, a layer having an In:Ga:Zn ratio of 1.0:1.0:

1.0 (thickness: 10 nm), a layer having an In:Ga:7Zn ratio of
1.0:1.0:2.0 (thickness: 10 nm), and a layer having an In:Ga:

Znratio 011.0:1.0:1.0 (thickness: 30 nm) were formed on the
gate msulating {ilm 14 1n this order by a series of consecutive
film-forming processes without being exposed to the atmo-
sphere, thereby forming an 1GZO film 16.

Heremaftter, the layer configuration of the IGZO film 16
(active layer 18) of Example 1 may be represented by “In:Ga:
/n=1:1: (1=2—=1)" or “1—=2—1".

The layers of the IGZO film were formed by co-sputtering
using an InGaZnQO, target, a Ga,O, target, and a ZnO target.

The thicknesses of the respective layers were adjusted by
controlling the duration of the film-forming processes.

Details of the sputtering conditions for forming the IGZO
film 16 were described in the following.

Sputtering conditions for forming 1GZO Film (In:Ga:
/n=1.0:1.0:1.0)

Final vacuum degree (when gas is not introduced): 6x107°
Pa

Film-forming pressure (when gas 1s introduced): 4.07x
107" Pa

Film-forming temperature: room temperature (substrate
temperature: from 23° C. to 25° C.)

Flow rate of Ar: 100 sccm

Flow rate of O,: 0.9 sccm

Power applied to IGZO target: RF 200 W

Power applied to Ga,O; target: RF 63 W

Power applied to ZnO target: DC 4.3 W

Sputtering conditions for forming 1GZO film (In:Ga:
/n=1.0:1.0:2.0)

Final vacuum degree (when gas is not introduced): 6x107°
Pa

Film-forming pressure (when gas 1s introduced): 4.07x
107" Pa

Film-forming temperature: room temperature (substrate
temperature: from 23° C. to 25° C.)

Flow rate of Ar: 100 sccm

Flow rate of O,: 0.9 sccm

Power applied to IGZO target: RF 200 W

Power applied to Ga,O; target: RF 63 W

Power applied to ZnO target: DC 19.0 W

The y distribution 1n the thickness direction of the resultant
IGZ0 film 16, when the molar ratio of In:Ga:Zn 1s repre-
sented by the following expression In:Ga:Zn=(2.0-x):x:y
(provided that, 0.0<x<2.0, and 0.0<y), was determined in a
such a manner that a sample was subjected to FIB treatment
and evaluated by cross-sectional TEM-EDX (a TEM avail-
able under the trade name of HD-2700 from Hitachi, and an
EDX available from EDAX under the trade name of GEN-

ESIS). The evaluation conditions were such that: a beam
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diameter was 0.4 nm, measurement time per one point was 1
second, and the number of measurement points was 130.
The obtaimned y distribution confirmed the presence a
region in which the value of v 1s larger than that at a surface of
the IGZO film at a side closer to the substrate and that at a
surface of the IGZO film at a side farther from the substrate.

The obtained y distribution was similar to the distribution d
shown 1n FIG. 1.

The thickness t

»ae OF @ region at which the value of'y 1s at
least 90% of the absolute maximum y value within the IGZ0O

film was 10 nm, and was less than one-third of the entire
thickness of the IGZO film, which was 50 nm.

Furthermore, the region at which the y value 1s at least 90%
of the absolute maximum y value over the y distribution was
present 1n a region ranging from 10 nm to 20 nm from the
surface ol the gate-insulating-film side of the IGZO film 1n the
thickness direction thereot, and 1included in the region rang-
ing from 1 nm to 30 nm from the surface of the gate-insulat-

ing-1ilm side of the IGZO film.

The center, in the thickness direction, of the region at which
the y value was at least 90% of the absolute maximum y value
was positioned at a side closer to the gate insulating film with
respect to the center of the oxide semiconductor film 1n the
thickness direction.

The IGZO film 16 was subjected to X-ray diffraction. As a
result, no distinct peak indicating a crystalline structure was
found, and 1t was confirmed that the IGZO film 16 was amor-
phous.

A TFT can be prepared by a similar process 1n which the
power applied to the ZnO target during the sputtering for the
formation of the IGZO film 16 1s continuously changed from
4.3 W to 19.0 W when starting the formation of the center
layer and 1s continuously changed from 19.0 W to 4.3 W when
finishing the formation of the center layer, 1nstead of forming
three distinct layers. When a TFT produced by such a process
was subjected to analysis of y distribution 1n the same manner
as above, 1t was found that the TF'T had a y distribution similar
to the distribution curve “e” shown 1n FIG. 2.

The IGZ0 film 16 was subjected to patterning by photoli-
thography and wet etching using dilute sulfuric acid, thereby
forming the active layer 18.

An Al-—Nd film having a thickness o1 100 nm was formed
by sputtering, and subjected to patterning by lift-off, thereby
forming a source electrode 20A and a drain electrode 20B.

A 510, film having a thickness of 200 nm was formed by
sputtering, thereby forming an inter-layer insulating film 22.

A contact hole 24 was formed by photolithography and dry
etching.

An ITO film having a thickness of 200 nm was formed by
sputtering, and subjected to patterning by lift-off, thereby
forming a pixel electrode 26.

In this way, a bottom-gate TF'T having a channel length of
10 um and a channel width of 10 um was obtained.

Measurement of Transistor Properties (Vd-Ig Characteris-
tics)

The thus-obtained TFT was subjected to measurement of
transistor properties (Vg-Id characteristics) and carrner
mobility (u) using a semiconductor parameter analyzer
41356C (trade name, manufactured by Agilent Technologies).

The Vg-1d characteristics were measured by changing the
gate voltage (Vg) within a range of from -3V to +10 V with
a fixed drain voltage (Vd) of 5V, and measuring the drain
current (Id) at each gate voltage (Vg).

Comparative Example 1

A TFT was prepared 1n the same manner as 1n Example 1
except that the IGZ0 film 16 was composed of only the layer
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having an In:Ga:Znratio of 1.0:1.0:1.0 and having a thickness
of 50 nm, and the same evaluation as 1 Example 1 was
performed.

In the following, the layer configuration of the IGZO film
16 (active layer 18) of Comparative Example 1 may be
referred to as “In:Ga:Zn=1:1:1" or “1—=1—=1"".

Comparative Example 2

A TFT was prepared 1n the same manner as 1n Example 1
except that the IGZ0 film 16 was composed of only the layer
having an In:Ga:Znratio of 1.0:1.0:2.0 and having a thickness
of 50 nm, and the same evaluation as i Example 1 was
performed.

In the following, the layer configuration of the IGZO film
16 (active layer 18) of Comparative Example 2 may be
referred to as “In:Ga:Zn=1:1:2" or “2—=2—=2-—>",

The results of measurement of Vg-Id characteristics of
Example 1 and Comparative Examples 1 and 2 are shown 1n
FIGS. 8 and 9.

FIG. 8 1s a graph 1n which the vertical axis represents Id on
a logarithmic scale, and FI1G. 9 1s a graph 1n which the vertical
axis represents Id on a linear scale.

As shown in FIG. 8, when Example 1 (In:Ga:Zn=1:1:
(1=2—1)) 1s compared to Comparative Example 1 (In:Ga:
/n=1:1:1), almost no shift in Vg-Id characteristics 1is
observed 1n Example 1. For example, when the value at Id of
1.0x107° A of Example 1 is compared to that of Comparative
Example 1, the shift of Vg from Comparative Example 1
observed in Example 1 1s about 0.3 V towards the negative Vg
side, which 1s a slight shift.

Furthermore, provided that Id at Vg of 10V 1s regarded as
the on-state current, the on-state current in Comparative
Example 1 was 2.0x107° A, while the on-state current in
Example 1 was 6.0x107° A.

In addition, the carrier mobility pu 1n Comparative Example
1 was 7.9 (cm*/Vs) while the carrier mobility n in Example 1
was 24.7 (cm”/Vs).

Accordingly, the TFT of Example 1 showed significantly
higher on-state current and significantly improved carrier
mobility as compared to the TFT of Comparative Example 1.

On the other hand, Comparative Example 2 (In:Ga:Zn=1:
1:2) showed a high on-state current, but significant Vg-Id
characteristics shift was observed as compared with Example
1 and Comparative Example 1.

For example, when the value at Id of 1.0x10™” A of Com-
parative Example 2 1s compared to that of Example 1 and that
of Comparative Example 1, the shift of Vg from Comparative
Example 1 observed in Comparative Example 2 1s at least 1.5
V towards the negative Vg side, and the shift of Vg from
Example 1 observed in Comparative Example 2 1s at least 1.3
V towards the negative Vg side, which 1s a significant shift.

Example 2

A TFT was prepared 1n the same manner as in Example 1
except that the layer having an In:Ga:Zn ratio of 1.0:1.0:2.0

(thickness: 10 nm) was changed to a layer having an In: Ga: Zn
ratio of 1.0:1.0:3.0 (thickness: 10 nm) by controlling the film
formation conditions, and the measurement of Vg-Id charac-
teristics and carrier mobility and the evaluation were per-
formed 1n the same manner as in Example 1.

In the following, the layer configuration of the IGZO film
16 (active layer 18) of Example 2 may be referred to as
“In:Ga:Zn=1:1: (1=3—=1)" or “1—=3—>1"".

Example 3

A TFT was prepared 1n the same manner as in Example 1
except that the layer having an In:Ga:Zn ratio of 1.0:1.0:2.0
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(thickness: 10 nm)was changed to alayerhaving an In:Ga: Zn
ratio o1 1.0:1.0:5.0 (thickness: 10 nm) by controlling the film
formation conditions, and the measurement of Vg-Id charac-
teristics and carrier mobility, and the evaluation were per-
formed 1n the same manner as in Example 1.

In the following, the layer configuration of the IGZO film
16 (active layer 18) of Example 3 may be referred to as
“In:Ga:Zn=1:1: (1=5—=1)" or “1—=5—=1".

FIG. 10 shows a comparison 1 carrier mobility of
Examples 1 to 3 and Comparative Example 1, and FIG. 11
shows a comparison 1n on/off ratio (on-state current (Ion)/ofl-
state current (Iofl)) of Examples 1 to 3 and Comparative
Example 1.

The on-state current was a drain current (A) at Vgol 10V
and Vd of 3V, and the ofi-state current was a drain current (A)
atVgol -5Vand Vdof 5 V.

Each of the horizontal axes of FIGS. 10 and 11 indicates the
y value 1n the center layer (the third layer 18C shown in FIG.
4(D)). In FIGS. 10 and 11, Comparative Example 1 1s plotted
at y=1.0, Example 1 1s plotted at y=2.0, Example 2 1s plotted
at y=3.0, and Example 3 1s plotted at y=3.0.

Herein (for example, in Table 1 and FIGS. 8,9 and 11), the

symbol “E” when used 1n the values of Id and on/off ratio
indicates that the numeral at the right of “E” 1s an exponent to
the base 10, and that the value at the left of “E” 1s multiplied
by the value represented by “E” and “power index”. For
example, “1.8E+07” represents “1.8x107”, and *“1.5E-09”
represents “1.5x1077”.

The results shown 1n FIGS. 10 and 11 are briefly summa-

rized in Table 1. Furthermore, Table 1 shows the drain current
(“Id (A) (Vg=0v)")atVgol OV,

TABLE 1
Layer configuration  Carrier On/off
of active layer: mobility p ratio Id (A)
y value (cm?/Vs) (lon/Ioff) (Vg=0V)

Example 1 l—=2—1 24.7 1.8E+07 1.8E-10
Example 2 1—=3—=1 16.6 6.0E+06 1.5E-09
Example 3 1—=5—=1 14.8 2.4E406 1.3E-08
Comparative l—=1—1 7.9 2.1E4+06 4.4E-11
Example 1

Comparative 2—2—2 234 1.5E4+07 5.3E-08
Example 2

As shown in FIG. 10 and Table 1, the carrier mobility u1n
Examples 1 to 3 (especially, Example 1) was higher than that
in Comparative Example 1.

As shown in FIG. 11 and Table 1, the on/off ratio in
Examples 1 to 3 (especially, Example 1) was higher than that
in Comparative Example 1.

Furthermore, as shown in Table 1, the Id at Vg of O V 1n
Examples 1 to 3 (especially, Example 1) was lower than that
in Comparative Example 2, and characteristics shift in
Examples 1 to 3 (especially, Example 1) was reduced as
compared to Comparative Example 2.

As described above, when an IGZ0O layer as an active layer
of a TFT 1s formed so as to have a region at which the y value
1s larger than that at the film surface at a side closer to a
substrate and that at the film surface at a side farther from the
substrate, characteristics shift can be reduced while a high
on-state current (high carrier mobility) can be attained,
whereby gate bias applied 1n order to turn oif the TFT can be
reduced. Accordingly, a normally-oif TFT can easily be
obtained while attaining a suificient on-state current. Further-
more, since the gate bias 1s reduced, electrical consumption
required to drive the TFT can be reduced.
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Moreover, by using, as a component, the TFT (or substrate
with a TFT) prepared as described above, an electrooptic
apparatus or sensor with low electrical consumption and
excellent properties can be produced.

According to the invention, a thin film transistor which has
a high on-state current and in which characteristics shift 1s
reduced, and a method of producing the same are provided.

According to the invention, an electrooptic apparatus with
low electrical consumption and high display quality 1s pro-

vided.

According to the mvention, a sensor with low electrical
consumption and high sensitivity 1s provided.

Embodiments of the present invention include, but are not
limited to, the following.
<1> A thin film transistor comprising:

a substrate; and, on the substrate,

an oxide semiconductor film which serves as an active
layer and comprises In, Ga, and Zn, a gate electrode, a gate
insulating film, a source electrode, and a drain electrode,

wherein, when a molar ratio of In, Ga, and Zn 1n the oxide
semiconductor film 1s expressed as In:Ga:Zn=(2.0-x):x:v,
wherein 0.0<x<2.0 and 0.0<y, the distribution of vy 1n the
thickness direction of the oxide semiconductor film 1s such
that the oxide semiconductor film has a region in which a
value of v 1s larger than that at a surface of the oxide semi-
conductor film at a side closer to the substrate and larger than
that at a surface of the oxide semiconductor film at a side
farther from the substrate.
<2> The thin film transistor according to <1>, wherein an
absolute maximum value of y over an entire thickness of the
oxide semiconductor film 1s 1.8 or more.
<3>The thin {ilm transistor according to <1> or <2>, wherein
the absolute maximum value of y over the entire thickness of
the oxide semiconductor film 1s 5.0 or less.
<4> The thin film transistor according to any one of <1> to
<3>, wherein a thickness of a region in which the value of y 1s
at least 90% of the absolute maximum value thereof over the
entire thickness of the oxide semiconductor film 1s less than
one-third of the entire thickness of the oxide semiconductor
f1lm.
<5> The thin film transistor according to any one of <1> to
<4>, wherein a center of the region in which the value ol v 1s
at least 90% of the absolute maximum value thereof over the
entire thickness of the oxide semiconductor film 1s located at
a position at a side closer to the gate msulating film than the
center of the oxide semiconductor layer in the thickness
direction thereof.
<6> The thin film transistor according to any one of <1> to
<5>, wherein the region 1n which the value of'y 1s at least 90%
of the absolute maximum value thereof over the entire thick-
ness of the oxide semiconductor film 1s included 1n a region
ranging from 1 nm to 30 nm from the surface of the oxide
semiconductor film at a side closer to the gate insulating film
in a thickness direction of the oxide semiconductor film.
<[> The thin film transistor according to any one of <1> to
<6>, wherein at least a part of the oxide semiconductor film
which includes the region in which the value of v 1s at least
90% of the absolute maximum value thereof over the entire
thickness of the oxide semiconductor film 1s formed by a
series of consecutive film-forming processes during which

the semiconductor film 1s not exposed to the atmosphere.
<8> The thin film transistor according to any one of <1> to

<7>, wherein at least a part of the oxide semiconductor film

which includes the region in which the value of vy 1s at least
90% ot the absolute maximum value thereof over the entire

thickness of the oxide semiconductor film 1s amorphous.
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<9> The thin film transistor according to any one of <1>to
<8>, wherein the oxide semiconductor film comprises:

a first region which includes the surface of the oxide semi-
conductor film at a side closer to the substrate and 1n which
the value of y 1s from 0.8 to 1.2;

a second region which includes the surface of the oxide
semiconductor film at a side farther from the substrate and 1n
which the value of v 1s from 0.8 to 1.2; and

a third region which includes a region 1n which y takes the
absolute maximum value over the enftire thickness of the
oxide semiconductor film and 1n which the valueofy1s 1.8 or
more.
<10> The thin film transistor according to <9>, wherein at
least one of a change 1n the value of y from the first region to
the third region and a change 1n the value of y from the third
region to the second region 1s continuous.
<11> The thin film transistor according to any one of <1>to
<10>, wherein the thin film transistor 1s a bottom-gate thin
{1lm transistor.
<12> A method of producing the thin film transistor accord-
ing to any one of <1> to <11>, the method comprising:

forming at least a part of the oxide semiconductor film
which includes the region 1n which the value of vy 1s at least
90% of the absolute maximum value thereof over the entire
thickness of the oxide semiconductor film by a series of
consecutive film-forming processes during which the oxide
semiconductor film 1s not exposed to the atmosphere.
<13> An electrooptic apparatus comprising the thin film tran-
s1stor according to any one of <1> to <11>.
<14> A sensor comprising the thin film transistor according
to any one of <1> to <11>,

All publications, patent applications, and technical stan-
dards mentioned 1n this specification are herein incorporated
by reference to the same extent as if each individual publica-
tion, patent application, or technical standard was specifically
and individually indicated to be incorporated by reference.

What 1s claimed 1s:

1. A thin film transistor comprising:

a substrate; and, on the substrate,

an oxide semiconductor film which serves as an active

layer and comprises In, Ga, and Zn, a gate electrode, a
gate msulating film, a source electrode, and a drain elec-
trode,

wherein, when a molar ratio of In, Ga, and Zn 1n the oxide

semiconductor film 1s expressed as In:Ga:Zn=(2.0-x):
x:y, wherein 0.0<x<2.0 and 0.0<y, the distribution of y
in the thickness direction of the oxide semiconductor
film 1s such that the oxide semiconductor film has a
region in which a value ol'y 1s larger than that at a surface
of the oxide semiconductor film at a side closer to the
substrate and larger than that at a surface of the oxide
semiconductor film at a side farther from the substrate.

2. The thin film transistor according to claim 1, wherein an
absolute maximum value of y over an entire thickness of the
oxide semiconductor film 1s 1.8 or more.

3. The thin film transistor according to claim 1, wherein an
absolute maximum value of y over an entire thickness of the
oxide semiconductor film 1s 5.0 or less.

4. The thin film transistor according to claim 1, wherein a
thickness of aregion in which the value ol y 1s at least 90% of

10

15

20

25

30

35

40

45

50

55

20

an absolute maximum value thereof over an entire thickness
ol the oxide semiconductor film 1s less than one-third of the
entire thickness of the oxide semiconductor film.

5. The thin film transistor according to claim 1, wherein a
center of a region in which the value of vy 1s at least 90% of an
absolute maximum value thereot over an entire thickness of
the oxide semiconductor film 1s positioned at a side closer to
the gate msulating {ilm than the center of the oxide semicon-
ductor layer 1n a thickness direction thereof.

6. The thin film transistor according to claim 1, wherein a
region 1n which the value of y 1s at least 90% of an absolute
maximum value thereof over an entire thickness of the oxide
semiconductor film 1s included 1n a region ranging from 1 nm
to 30 nm from a surface of the oxide semiconductor film at a
side closer to the gate insulating film 1n a thickness direction
ol the oxide semiconductor film.

7. The thin film transistor according to claim 1, wherein at
least a part of the oxide semiconductor film which includes a
region 1n which the value of vy 1s at least 90% of an absolute
maximum value thereof over an entire thickness of the oxide
semiconductor film 1s formed by a series of consecutive film-
forming processes during which the semiconductor film 1s not
exposed to the atmosphere.

8. The thin film transistor according to claim 1, wherein at
least a part of the oxide semiconductor film which includes a
region 1n which the value of y 1s at least 90% of an absolute
maximum value thereof over an entire thickness of the oxide
semiconductor film 1s amorphous.

9. The thin film transistor according to claim 1, wherein the
oxide semiconductor film comprises:

a first region which includes the surface of the oxide semi-
conductor film at a side closer to the substrate and 1n
which the value of v 1s from 0.8 to 1.2;

a second region which includes the surface of the oxide
semiconductor film at a side farther from the substrate
and 1n which the value of y 1s from 0.8 to 1.2; and

a third region which includes a region 1n which y takes an
absolute maximum value over an entire thickness of the
oxide semiconductor film and 1n which the value of y 1s
1.8 or more.

10. The thin film transistor according to claim 9, wherein at
least one of a change 1n the value of y from the first region to
the third region and a change 1n the value of v from the thard
region to the second region 1s continuous.

11. The thin film transistor according to claim 1, wherein
the thin film transistor i1s a bottom-gate thin film transistor.

12. A method of producing the thin film transistor of claim
1, the method comprising;

forming at least a part of the oxide semiconductor film
which includes a region 1n which the value of y 1s at least
90% of an absolute maximum value thereof over an
entire thickness of the oxide semiconductor film by a
series ol consecutive film-forming processes during
which the oxide semiconductor film 1s not exposed to the
atmosphere.

13. An electrooptic apparatus comprising the thin film

transistor of claim 1.
14. A sensor comprising the thin film transistor of claim 1.
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